The reduction of a series of 2,5-bis(l-aziridinyl)- containing a quinone moiety (1, 2) . Based on AZQ and related compounds (3) we synthesized and studied the DNA alkylating properties of a series of bis ( 1-aziridinyl) benzoquinones (4). Quinone-containing compounds can be reduced in two successive one-electron steps. Reoxidation of a reduced quinone species can yield superoxide anion and other related reactive oxygen species (redox cycling) (5). Production of reduced oxygen species can be regarded as an unwanted side effect of reductively activated alkylating drugs.
In our previous studies (4,6) we used NaBH, and electrochemical reduction to activate the quinones. However, to study redoxcycling, enzymatic reduction is preferred, to let the quinones undergo multiple reductionreoxidation cycles in the presence of oxygen.
In this paper we report on the use of xanthine oxidase for reductive activation of aziridinylbenzoquinones, using xanthine as an electron donor. Xanthine oxidase is frequently used as a source of superoxide radicals (7, 8) . However, quinones are reported to be excellent electron acceptors from xanthine oxidase (9). Under physiological circumstances, xanthine oxidase appears to function as a NAD-dependent dehydrogenase, but during isolation it becomes an 02-utilizing oxidase, capable of reducing a wide range of substrates (9). Xanthine oxidase is found in mammalian liver microsomes (10) and is likely to be active in tumor cells (11). Xanthine oxidase is also one of the reductive enzymes found in nuclei (12), at the site where damage to nuclear DNA may occur (13).
An important point of concern in using xanthine oxidase as an activating enzyme for quinones is the possibility of simultaneous reduction of molecular oxygen (leading to superoxide) and reduction of quinone derivatives by the enzyme. In this study, we used ferricytochrome c to determine the reduction rate of a series of 2,5-bis(l-aziridinyl)-1,4-benzoquinone (BABQ) derivatives by xanthine oxidase. We report a structure-activity relationship between the reduction rates of the BABQ derivatives by xanthine oxidase and electrochemical and steric parameters. By comparing cytochrome c reduction under air and under nitrogen, we demonstrate that a competition exists for xanthine oxidase between molecular oxygen and BABQ derivatives:
at BABQ concentrations > 25 PM electron transfer from xanthine oxidase to oxygen is practically completely inhibited in favor of electron transfer to BABQ. The position of the equilibrium between reduced BABQ and superoxide is studied with use of superoxide dismutase (SOD) and compared with the redox potentials of the BABQ derivatives.
MATERIALS AND METHODS
The structures of the BABQ compounds are described in Table I not influence the cytochrome c reduction rate in the presence of BABQ derivatives under nitrogen.
The reduction rate of cytochrome c in the presence of TW19 is compared with the concomitant xanthine oxidation rate by means of a Lineweaver-Burk plot in Fig.  1 . The lines are not significantly different, which indicates a very efficient electron transfer from xanthine via reduced BABQ derivative to cytochrome c.
The other BABQ compounds have more negative redox potentials than TW19 (Table II) , and their semiquinone radicals, once formed by xanthine oxidase, are expected to reduce cytochrome c with at least the same efficiency. Therefore, the cytochrome c reduction rate under nitrogen can be taken as a direct measure for the BABQ reduction rate by xanthine oxidase.
The obtained reduction rates of a series of BABQ derivatives (10 PM solutions) are listed in Lineweaver-Burk plots of cytochrome c reduction under nitrogen in the presence of TW19, TW22, TW25, and AZQ are shown in Fig. 2 . K,,, values of TW19, TW22, and TW25 were in the same range (11-21 PM); the K, value for AZQ was 257 & 91 pM. The maximum reduction rates obtained from this graph increased in the order AZQ(0.7 f 0.3 PM. min-') N TW25(0.5 f 0.1 pM-min-') < TW22(1.4 -t 0.1 pM.min-') < TWlg(2.4 + 0.5 PMmin-'). BABQ derivatives that slowly reduce cytochrome c in the presence of xanthine oxidase also showed a slow decrease of the height of the cathodic wave in polarograms, indicating slow reduction by xan- thine oxidase (results not shown). The order of the compounds was the same as with the reduction rate of cytochrome c (Table II) . Higher concentrations of xanthine oxidase were needed in polarographic experiments than in cytochrome c measurements. Adsorption or inactivation of xanthine oxidase by mercury may be the cause of this.
Reduction of Aziridinylbenzoquinones by Xanthine
Oxidase under Air
To study the influence of oxygen on the cytochrome c reduction rate, experiments under air were performed with some BABQ derivatives. The results for a number of BABQ derivatives are represented in Fig. 3 . The cytochrome c reduction in the presence of BABQ derivatives increases markedly compared to the situation where xanthine oxidase is incubated without BABQ derivatives ([BABQ] = 0). The concomitant xanthine oxidation rates under air and under nitrogen were compared for the compound TW19 (Fig. 4) . The xanthine oxidation rate was higher under air than under nitrogen. The maximum xanthine oxidation rates as determined from Fig. 4 did not differ significantly. Reoxidation of cytochrome c by HzOz , formed from superoxide that did not react with cytochrome c, could influence the results (21). However, addition of catalase to the incubation mixture to remove hydrogen peroxide did not influence the cytochrome c reduction rate during the incubation time.
Effect of SOD on Cytochrome c Reduction Rate under Air Figure 5 shows the inhibition of the cytochrome c reduction rate by SOD in the presence of a number of BABQ derivatives that differ in Ellz value (see Table II ). The inhibition by SOD is plotted as percentage of the reduction rate in the absence of SOD. 1,4-Benzoquinone was included because of its positive redox potential.
The cytochrome c reduction under air in the presence of 10 PM BABQ derivative could be inhibited completely by addition of SOD. Concentrations of SOD needed to reduce the cytochrome c reduction rate with 50% ([SOD]& were obtained from these curves (Table III) ciency. The BABQ derivative TW19 investigated in this study reduced cytochrome c practically quantitatively after reduction by xanthine oxidase (Fig. 1) . The other compounds have lower redox potentials and are expected to react with at least the same efficiency.
To test whether differences in cytochrome c reduction rates under nitrogen were really due to differences in reduction rate by xanthine oxidase, or to differences in reactivity of reduced BABQ species with cytochrome c, reduction of BABQ derivatives was followed by polarography. The results confirmed that the order of the BABQ derivatives with regard to cytochrome c reduction rate represented the order of BABQ reduction by xanthine oxidase.
The cytochrome c reduction rate under nitrogen was taken as a measure for the reduction rate of BABQ derivatives by xanthine oxidase. The correlation of the BABQ reduction rate with the redox potential and the steric parameter MRToT (Eq. [2] ) indicates that next to redox properties of the quinones, steric factors are also important in enzymatic reductive activation. The K,,, values, determined from Fig. 2 , increase with MRTOT, indicating decreased affinity for xanthine oxidase when larger substituents are present. In tumor cells quinones are likely to be activated by xanthine oxidase and similarly acting enzymes (ll), but other reductive enzymes are present and likely to be involved in quinone reduction, especially NADPH-dependent cytochrome P450 reductase (22). The finding that with xanthine oxidase, aziridinylbenzoquinone compounds with small substituents are more efficiently reduced is, however, interesting from the viewpoint of drug design, because in an earlier study we observed that aziridinylbenzoquinone derivatives with small substituents alkylate DNA more efficiently than derivatives with large substituents (4).
When we compare the reduction rates of the BABQ derivatives under nitrogen and under air, some conclusions can be drawn. At a low concentration of BABQ derivative (Fig. 4) , cytochrome c reduction under air is higher than under nitrogen. This indicates that under these conditions considerable direct oxygen reduction by xanthine oxidase takes place. At a high concentration of BABQ derivative, the cytochrome c reduction rates under nitrogen and air become identical. This means, that at higher BABQ concentrations (>25 PM), cytochrome c reduction under air is mainly caused by reduced BABQ species, and (in the presence of cytochrome c) no substantial direct oxygen reduction occurs.
Xanthine oxidase has been reported to catalyze oneelectron reduction of daunomycin and related compounds (23, 24, 25) , leading to semiquinone and superoxide production. A combination of one-and two-electron reduction has also been reported (26). The question, whether reductive activation is exclusively one-electron or mixed, is probably of minor importance in predicting semiquinone-mediated superoxide production, because semiquinone radicals are known to exist in a dismutation equilibrium (Eq. than the oxygen/superoxide couple, the equilibrium is on the side of semiquinone. Kvalues were computed using Eq. [5] (Table III) . Halfwave potentials in Tables II and III are determined as two-electron reduction potentials (18), whereas oneelectron reduction potentials are relevant in Eqs.
[4] and [5] . In water, however, the difference between these values is small (30,31).
Addition of SOD will lead to a decrease in superoxide concentration, by enhancement of the dismutation rate of superoxide. As a result, Eq.
[4] will shift to the side of 0; and the concentration of BABQ; will decrease. The cytochrome c reduction rate, which is dependent on both 0, and BABQ: will decrease (see Fig. 6 ). In our experiments, we observe that higher amounts of SOD are needed to inhibit cytochrome c reduction when BABQ derivatives are present than without BABQ. The amount of SOD needed for inhibition of cytochrome c reduction increases when the reduction potential of the BABQ derivative is more positive, and the K-value (Eq.
[4]) is smaller (Table III) . This indicates, even though one has to take into account that BABQ derivatives react more efficiently with cytochrome c than superoxide, that the greatest part of the reducing equivalents from xanthine go to BABQ;, especially when the redox potential of BABQ is more positive. This is explained both by the high reduction rate of the BABQ derivatives and by the position of the equilibrium (Eq. [4]). A similar explanation for the effect of SOD on cytochrome c reduction was provided by Winterbourn (32) , who studied this effect with a series of methyl-substituted and sulfonated quinone derivatives.
In summary, we conclude that aziridinylbenzoquinones are efficient electron acceptors from xanthine oxidase. The rate of reduction of these compounds by xanthine oxidase depends on the redox potential and the size of the molecule. At quinone concentrations > 25 PM quinone reduction by xanthine oxidase prevails over oxygen reduction. Therefore, reduction by xanthine oxidase is an efficient and simple method to study formation of reactive oxygen intermediates formed by reduced aziridinylbenzoquinones.
Measurement of the part of the cytochrome c reduction rate under air that is inhibited by SOD does not reflect the production of superoxide. We fully subscribe to the warning of Winterbourn (32) , that SOD effects, when used to demonstrate the involvement of superoxide, should be interpreted with caution. The results of this study will be used to investigate the formation of reactive oxygen intermediates and DNA damage by reduced BABQ derivatives.
